Mesoscale fluctuations in the western tropical Atlantic are analyzed in Geos � t al � imetry sea smfac � height (SSH) and geostrophic velocity anomalies to inves _ tigate t � e rol � of eddies m the North Br � z1l Current (NBC) retroflection zone. The detachment of anl!cyclonic eddies from the NBC retroflect1 ? n is observed during November through January, when the NBC retroflection into the North Equatonal Countercurrent (NECC) weakens and finally breaks down. These eddies are traced over more th 1:� 2 months between 50° and 60°W on their way toward the Caribbean, at average speeds of 15 cm s . In one case an apparent merger of two anticyclonic eddies occurs, one detached from the retroflect10n zone and one detached from the NECC. Cyclonic eddies are also observed but are generally less persistent. Mesoscale SSH variance just west of the retroflection increases by � factor of 2 f r om early summer to winter, mainly because of the anticyclonic eddies. Interhem1sphenc water mass transfer associated with the eddy flux out of the NBC retroflection may amount to an average transport of 3 Sv.
INTRODUCTION
The North Brazil Current (NBC) is a low-latitude western boundary current which carries water supplied by the South Equatorial Current from the tip of Brazil near 5°S northwest ward along the coast and across the equator into the north ern hemisphere. It is well established on the basis of histor ical ship drift data [Richardson and Walsh, 1986] and by analysis of satellite coastal zone color scanner (CZCS) data [Miiller-Karger et al., 1988] and Geosat altimetry [Carton and Katz, 1990; Didden and Schott, 1992 , hereinafter re ferred to as DS] that during summer and fall the NBC surface fl ow separates from the coast and turns offshore at about 6°N to feed the eastward flowing North Equatorial Countercur rent (NECC) . What happens during the other season is still a matter of debate. In late winter to spring, the NECC is weak or even flowing westward [Richardson and Reverdin, 1987; DS] , while the cross-equatorial fl ow of the NBC does not significantly diminish from its summer value [Schott et al., 1993) . The presumed consequence was enhanced north westward flow parallel to the coast off Guiana in late winter to spring. This seasonal maximum was indeed observed north of the retroflection zone in Geosat-derived geostrophic surface currents [DS] , but it appeared to taper off before reaching the Caribbean. Similarly, analysis of the surface circulation in the high-resolution numerical World Ocean Circulation Experiment Community Effort North Atlantic Model that was found to fairly realistically represent the general features of the surface circulation in the tropical Atlantic circulation does not yield a throughflow during late winter from south of the equator along the coast into the Caribbean [Schott and Boning, 1991; DS] .
Yet, water masses of South Atlantic origin enter the eastern passages of the Caribbean and constitute a signifi cant fraction of the Florida Current transport [Tsuchiya, 1989; Schmitz and Richardson, 1991) . One way to accom plish northwestward water mass transfer along the bound � ry is by eddy shedding from the NBC/NECC retrofl ect1on regime. Eddy detachment and water mass transfer are Copyright 1993 by the American Geophysical Union.
Paper number 93JCOl 184. 0148-0227/93/93JC-Ol 184$05.00 known from other retrofl ection regimes and have been reported, e.g., for the Agulhas by Lutjeharms and Van Bal/egooyen [1988] and Gordon and Haxby [1990] , for the South Madagascar retrofl ection zone by Lutjeharms [1988] , and for the Leeuwin Current by Church et al. [1989] . For the NBC retrofl ection, Johns et al. [1990] evaluated CZCS images and moored current meter records and concluded that during the NBC retrofl ection phase in late summer and fall, anticyclonic eddies periodically break off from the retroflection region and drift along the Guiana coast toward the Caribbean.
In the present paper we use Geosat altimetry to investigate the mesoscale variability along the western boundary cur rent from altimetric sea surface height (SSH) anomaly maps referenced to the 2-year mean SSH. The quality of meso scale eddy detection by Geosat sampling and objective mapping is first explored in a simulation using Gaussian shaped eddies. Between the NBC retroflection region and the Caribbean, westward propagating eddies are identified, and the translation of these eddies is followed over several months. In particular, the seasonal occurrence, scale, and translation speed of anticyclonic eddies originating from the NBC retrofl ection current loop are investigated. For verifi cation time series of geostrophic velocity fl uctuations de rived 'from the SSH anomaly maps are compared with simultaneous current meter records from a mooring near the retroflection region. We finally discuss the role of the eddies for interhemispheric water mass transfer.
ALTIMETER DATA AND EDDY SAMPLING
For mesoscale eddy detection we c\erived SSH anomalies (i.e., residuals relative to a 2-year mean sea surface) from Geosat Exact Repeat Mission altimeter data [Cheney et al., 1987) for the period November 1986 through June 1989, using the collinear analysis method. We give only a short description of the procedure here and refer the reader to DS for details. The usual corrections supplied with the Geosat data were applied to the raw altimetric height measurements after editing for spurious data. For each ground track in the region I 0°S to 30°N of the tropical Atlantic, the 2-year mean over 43 sea level profiles, sampled with a 17-day repeat The data distributed irregularly in space and time were interpolated onto a regular grid using the objective analysis method [Bretherton et al., 1976] in a modified version suited for large data sets [DeMey and Menard, 1989] Figure 2c ) and may be due to the better meridional sampling of the eddies by the Geosat ground tracks (Figures 1 and 2a) .
The paths of the anticyclonic eddies in the winter seasons (eddy Al) and 1987 -1988 are summarized in Figure 6: Johns et al. [1990] .
Fig. 6. Paths of anticyclonic eddy centers. Also shown is position of moored station (M) of
zone reaches up to 9°N (Figures 3a and 4a (Figure 3d ) and propagating westward (Figures 3e and 3! ) , is identifiable in Figure 3 . Generally, the cyclonic eddies appear after the retroflection period and during the time when the western NECC is disorganized or westward flowing.
The SSH anomalies of Figure 7 suggest that the eddy Figure 8 for the region 8°-l 1°N, 50°-54°W (Figure 1) . Meridional velocity at 8.5°N, 52. l 0 W from Geosat (solid line) and from moored current meters [Johns et al. , 1990] at 100-and 200-m depths (dashed line). For this comparison the Geosat velocity is based on SSH maps, which were space-time interpolated assum ing a westward propagation of 15 cm s -I in the objective analysis (see text).
activity in the NBC extension region west of 50°W is strongest in the fall and winter seasons. The seasonal vari ations of SSH and of geostrophic current variability, com puted for running 3-month means, are displayed in
ity shows that the secondary summer maxima are associated with the seasonal retrofl ection circulation. Figure 6 ) near the NBC/NECC retroflection region (W. Johns and R. Zantopp, personal communication, 1991) . In Figure 9 the anticyclonic eddies Bl, B2, and B3 in December, February, and March, which 
EDDY VELOCITY

The geostrophic velocity time series derived from the mapped altimeter SSH is compared with simultaneous 1-year-long current meter records at 100 and 200-m depths from a mooring at 52. 15°W, 8.5°N (see
between the geostrophic and total velocities. For an anticy clonic eddy of radius R e , defined by the maximum velocity -V O , the geostrophic velocity v 9 underestimates the total velocity by a factor I -V 0 /(!R e ). Conversely, solving (2) for v, the total velocity is obtained as a function of the measured altimeter geostrophic velocity. At radius r = R e of maximum geostrophic anticyclonic eddy velocity -V 9 , this yields with K = V 9 /(!R e ):
From the SSH map of Figure 4c ; i.e., the Geosat-derived geo strophic velocity is only about 50% of the total eddy veloc ity. This explains most of the difference between the ampli tudes of Geosat and current meter fluctuations (Table 2) . From an SSH anomaly map from a few days later, when a Geosat track passed over the same eddy closer to its center (center position at 51. 7°W, 8.8°N) , the maximum SSH was 14 cm and the geostrophic velocity was V 9 = 45 cm s-1 at radius R e = 90 km (Figure 10 ). Owing to the considerably smaller eddy radius, the total velocity according to (1) 1987-1988, three eddies were observed, and in winter 1988-1989, again Johns et al. [1990] shows the eddy signal, with decreasing amplitude, to reach deeper than 500 m. The float tracks of Richardson and Schmitz [1993] clearly showed the signature of anticyclonic eddies off the South American coast at the 800-m level. The measure ments of the boundary current inflow into the retroflection zone by moored stations at 44°W across the NBC by Schott et al. [1993] [Olson and Evans, 1986; Gordon and Haxby, I 990] , the l0°C isotherm was used to define the bottom of the rings. In the retroflection region, latitude range 6°-8°N, the l0°C isotherm depth varies in the depth range of 300-400 m [Colin et al., 1991] .
Hence [Johns et al., 1990 -1988 The anticyclonic eddies have been shown to propagate parallel to the continental slope ( Figure 6 ) with an advection speed of about 15 cm s-1 (Figure 7a ; [Schmitz and McCartney, 1993] , occurs through the Caribbean, as shown by analysis of the water mass compositions of the Florida Current and Caribbean passages [Schmitz and Richardson , 1991] . At the deepest level of Carribean through flow, corresponding to the 7°C isotherm, the Subantarctic Intermediate Water is traced by its salinity minimum through the Caribbean to the bottom of the Straits of Florida [Tsuchiya, 1989] .
The role the retroflection eddies play in relation to the mean flow regarding the composition of the water masses entering through the various passages of the Caribbean requires additional attention, both observational and model ing. In that respect it is interesting to note that present high-resolution numerical models, although reproducing the basic features of the near-surface circulation in the tropical Atlantic quite well [Philander and Pacanowski, 1986; Schott and Boning, 1991] [Johns et al., 1990] .
Taking an average annual transfer of two anticyclonic eddies from the retroflection zone toward the Caribbean amounts to an annual mean water mass transfer of 3 Sv above l0°C, or about 20% of the North Atlantic thermo haline cell [Schmitz and McCartney, 1993] that carries heat from the southern to the northern hemisphere. Johns et al. [1990] Philander and Pacanowski, 1986; Schott and Bijning, 1991] that de tachment of retroflection eddies and the associated water mass transfer are not sufficiently represented.
